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Introduction {#sec005}
============

Pancreatic ductal adenocarcinoma (PDAC) is infamous for its aggressiveness. In western countries, it is the fourth leading cause of cancer-related death, with its numbers increasing \[[@pone.0219245.ref001],[@pone.0219245.ref002]\]. The problem arises from mild initial symptoms leading to a late diagnosis, and this cancer's tendency toward early metastasis, meaning that only 15 to 20% of patients undergo a resection with combined oncological treatment, the only chance for a cure \[[@pone.0219245.ref003]--[@pone.0219245.ref005]\]. Variation in survival time suggests a need for better prognostic markers, which may also lead to uncovering mechanisms affecting survival.

Chronic local inflammation is one of the best-known risks for cancer development, likely due to tumor-favoring microenvironmental changes \[[@pone.0219245.ref006]\]. The role of local inflammation is complicated, as some characteristics favor tumor progression, whereas others prevent it \[[@pone.0219245.ref007]\].

The toll-like receptors (TLRs) are key mediators of local inflammation. They recognize unfamiliar molecules and activate the NF-κB pathway, leading to a release of inflammatory cytokines and interferon-β; this enhances tissue regeneration and cell proliferation \[[@pone.0219245.ref008],[@pone.0219245.ref009]\].

TLRs occur primarily in immunocytes, but the gut, respiratory, and ovarian epithelia also possess the potential to express them. Numerous carcinomas derived from these tissues express TLRs in abundance \[[@pone.0219245.ref010]\]. NF-κB is well-known for its crucial role in cancer development \[[@pone.0219245.ref011]\], but the role of the TLRs in carcinogenesis seems inadequately understood. Recently, PDAC progression has been associated with the presence of intestinal microbiota \[[@pone.0219245.ref012]\]. This is noteworthy, as it provides a physiological link between PDAC and TLR expression for the first time.

Prognostic implications of cancerous TLR expression vary. Most typically, TLR expression has been associated with worse prognosis, as in ovarian, lung, colorectal, and tongue carcinomas \[[@pone.0219245.ref013]--[@pone.0219245.ref016]\], but also association with better prognosis has been evident, as in esophageal carcinoma \[[@pone.0219245.ref017]\]. Our earlier study showed that strong TLR2 and TLR4 expression predict better prognosis for local PDAC \[[@pone.0219245.ref018]\]. In the current study, we expanded our focus to analyze the prognostic role of toll-like receptors 1, 3, 5, 7, and 9 in PDAC.

Materials and methods {#sec006}
=====================

The data originated from consecutive PDAC patients who underwent surgery in 2002--2011 in the Department of Surgery, Helsinki University Hospital, Finland. We excluded 21 patients receiving neoadjuvant therapy, 7 patients because of re-diagnosis of stage-IV disease, and 4 patients with insufficient available data, leaving 154 patients for analysis. Our sources for the survival data and cause of death were hospital records, the Finnish Population Registry, and Statistics Finland.

Surgical tumor samples remained in storage, fixed in formalin and embedded in paraffin in the Department of Pathology, Helsinki University Hospital. Expert pathologists reconfirmed the histopathological diagnosis of PDAC. For the TLR evaluation process, we prepared multipunch tissue microarray blocks (TMAs) from the tumor samples, selecting representative regions on hematoxylin-eosin-stained slides, and then puncturing 1.0-mm cores from the tumor sample at the appropriate location. We gathered six spots for every patient to ensure that each TMA block was most representative of the tumors' properties. For the TMA technique we utilized a semiautomatic tissue microarrayer (Tissue Arrayer 1, Beecher Instruments Inc., Silver Spring, MD, USA).

We then cut the TMA blocks into 4-μm sections and deparaffinized and rehydrated them. We treated the slides in an appropriate buffer for 20 minutes at 98°C and then incubated them at room temperature for 18 hours in the primary antibody solution. For TLR1, Tris-HCL (pH 8.5) served as the buffer, whereas for TLRs 3, 5, 7, and 9, the buffer was Tris-EDTA (pH 9.0). For TLR1, TLR3, and TLR7, we used rabbit polyclonal antibodies: TLR1 (H-90): sc-30000 (1:100) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), TLR3 (H-125): sc-10740 (1:50) (Santa Cruz Biotechnology), and TLR7 NBP2-24906 (1:500) (Novus Biologicals, Littleton, CO, USA). For TLR5 and TLR9, we used mouse monoclonal antibodies: TLR5 NBP2-24787 (1:100) (Novus Biologicals) and TLR9 (26C593): sc-52966 (1:300) (Santa Cruz Biotechnology).

We evaluated the expression of the TLRs 1, 3, 5, 7, and 9 in the PDAC tissue by their staining intensity. Two independent observers (M.L. and J.H.) evaluated the staining score, and in cases with differing values, consensus was achieved through discussion. The staining intensity rate was on a scale from 0 to 3, where 0, 1, 2, and 3 indicated negative, mild, moderate, and strong staining. Only staining of epithelial tumor cells influenced the score. If a patient received differing scores for different samples, the choice was the maximal score for analysis. For TLR5, we assessed cytoplasmic and nuclear staining separately. For each individual TLR analysis, TLR scores 0 and 1 were combined for statistical purposes. Samples of skin and pharyngeal and palatine tonsils, known to be positive for the TLRs, served as positive controls for each staining series.

We applied Fisher's exact test and the linear-by-linear association test to compare staining scores with clinicopathological parameters. The Kaplan-Meier method and the log-rank test served for survival analysis. For univariate and multivariate analyses, we utilized the Cox regression proportional hazard model. (The Cox model assumption of constant hazard ratio over time was tested by including time-dependent covariates separately for each variable.)

This study has the approval of the Helsinki University Hospital Surgical Ethics Committee (document number HUS 226/E6/06, additional petition TMK02 § 66/2013). The Finnish National Supervisory Authority for Welfare and Health gave permission to use archive material for this retrospective study without individual informed consent from the patients (document number 1004/06.01.03.01/2012). The staining intensity was evaluated without access to patient data. Statistical analysis was performed on anonymous but complete patient data including clinic-pathological and survival data.

Results {#sec007}
=======

Immunohistochemistry {#sec008}
--------------------

We successfully scored TLR1 for 154 patients, and TLR3, TLR5, TLR7, and TLR9 for 153 patients, with all missing TLR scores coming from the same patient.

For TLRs 1, 3, 7, and 9, immunopositivity was detectable in the cytoplasm with no notable membranous or nuclear positivity. TLRs 1, 7, and 9 exhibited some granular staining in the cytoplasm, whereas TLR3 stained more evenly. TLR5 expression differed from that of the rest of the TLRs by its distinctive nuclear positivity, and by detectable positivity in the cytoplasm in some samples. Occasionally, even the healthy epithelium stained positively. ([Fig 1](#pone.0219245.g001){ref-type="fig"})

![Staining patterns.\
From top to bottom: Staining in toll-like receptors 1, 3, 5, 7, and 9. Negative staining in A, C, E, G, and I; positive staining in B, D, F, H, and J.](pone.0219245.g001){#pone.0219245.g001}

We observed strong TLR1 expression in 60 (39%) patients, strong TLR3 in 48 (31%), strong TLR5 in 58 (38%), strong TLR7 in 14 (9.1%), and strong TLR9 in 22 (14%). Negative immunoexpression was particularly rare for all receptors except TLR5. Negative TLR1 was observable in 3 (1.9%) patients, negative TLR3 in 2 (1.3%), negative TLR5 in 30 (19%), negative TLR7 in 5 (3.2%), and negative TLR9 in 7 (4.5%). Many of these negative TLR scores coincided in the same patients: 13 tumors showed negativity in one or more of the receptors TLR1, TLR3, TLR7, or TLR9. ([Table 1](#pone.0219245.t001){ref-type="table"})

10.1371/journal.pone.0219245.t001

###### Toll-like receptor (TLR) expression distribution (%).

![](pone.0219245.t001){#pone.0219245.t001g}

  -----------------------------------------------------------
                    Strong    Moderate   Low       Negative
  ----------------- --------- ---------- --------- ----------
  **TLR1**          60 (39)   74 (48)    17 (11)   3 (2)

  **TLR3**          48 (31)   79 (52)    24 (16)   2 (1)

  **TLR5,**\        2 (1)     49 (32)    74 (48)   28 (18)
  **cytoplasmic**                                  

  **TLR5,**\        58 (38)   39 (25)    26 (17)   30 (20)
  **nuclear**                                      

  **TLR7**          14 (9)    75 (49)    59 (39)   5 (3)

  **TLR9**          22 (14)   78 (51)    46 (30)   7 (5)
  -----------------------------------------------------------

Strong and moderate TLR1 expression was more common among older patients (≥ 65 years; p = 0.016). TLR1 intensity associated with no other clinicopathological parameters: gender, cancer stage, lymph-node ratio, tumor size, or microscopic invasion. Negativity for TLRs 1, 3, 7, or 9 associated with no clinicopathological parameter. (Tables [2](#pone.0219245.t002){ref-type="table"} and [3](#pone.0219245.t003){ref-type="table"})

10.1371/journal.pone.0219245.t002

###### Association between toll-like receptor 1 (TLR1) immunoexpression and clinicopathological parameters (%).

![](pone.0219245.t002){#pone.0219245.t002g}

  TLR1 expression                                  Strong        Moderate      Low or negative   P value
  ------------------------------------------------ ------------- ------------- ----------------- -----------
  **N (%)**                                        **60 (39)**   **74 (48)**   **20 (13)**       
  **Age, years**                                                                                 
  \< 65                                            13 (22)       19 (26)       11 (55)           **0.016**
  ≥ 65                                             47 (78)       55 (74)       9 (45)            
  **Gender**                                                                                     
  Male                                             28 (47)       48 (65)       9 (45)            0.474
  Female                                           32 (53)       26 (35)       11 (55)           
  **Stage**[\*](#t002fn002){ref-type="table-fn"}                                                 
  I                                                12 (20)       8 (11)        5 (25)            0.402
  II                                               36 (60)       45 (61)       9 (45)            
  III                                              12 (20)       21 (28)       6 (30)            
  **Lymph-node ratio**                                                                           
  \< 20%                                           47 (78)       57 (77)       14 (70)           0.476
  ≥ 20%                                            12 (20)       17 (23)       6 (30)            
  Missing data                                     1 (2)         0 (0)         0 (0)             
  **Tumor size**                                                                                 
  ≤ 30 mm                                          29 (48)       34 (46)       8 (40)            0.468
  \> 30 mm                                         28 (47)       38 (51)       12 (60)           
  Missing data                                     3 (5)         2 (3)         0 (0)             
  **Perivascular invasion**                                                                      
  Yes                                              14 (23)       21 (28)       8 (440)           0.222
  No                                               35 (58)       38 (51)       10 (50)           
  Missing data                                     11 (18)       15 (20)       2 (10)            
  **Perineural invasion**                                                                        
  Yes                                              36 (60)       51 (69)       14 (70)           0.448
  No                                               14 (23)       12 (16)       4 (20)            
  Missing data                                     10 (17)       11 (15)       2 (10)            

Associations evaluated by Fisher's exact test or linear-by-linear association test.

\*Staging according to AJCC 8^th^ edition.

10.1371/journal.pone.0219245.t003

###### Association between negativity in toll-like receptors 1, 3, 7, and 9 and clinicopathological characteristics (%).

![](pone.0219245.t003){#pone.0219245.t003g}

  TLR status                                       All positive, n = 140   Negative in at least one receptor, n = 13   P value
  ------------------------------------------------ ----------------------- ------------------------------------------- ---------
  **N (%)**                                        **140 (92%)**           **13 (8%)**                                 
  **Age, years**                                                                                                       
  \< 65                                            38 (27)                 5 (38)                                      0.519
  ≥ 65                                             102 (73)                8 (62)                                      
  **Gender**                                                                                                           
  Male                                             75 (54)                 9 (69)                                      0.385
  Female                                           65 (46)                 4 (31)                                      
  **Stage**[\*](#t003fn002){ref-type="table-fn"}                                                                       
  I                                                24 (17)                 1 (8)                                       0.495
  II                                               82 (59)                 8 (62)                                      
  III                                              34 (24)                 4 (31)                                      
  **Lymph-node ratio**                                                                                                 
  \< 20%                                           108 (77)                10 (77)                                     1.000
  ≥ 20%                                            31 (22)                 3 (23)                                      
  Missing data                                     1 (1)                   0 (0)                                       
  **Tumor size**                                                                                                       
  ≤ 30 mm                                          65 (46)                 6 (46)                                      1.000
  \> 30 mm                                         70 (50)                 7 (54)                                      
  Missing data                                     5 (4)                   0 (0)                                       
  **Perivascular invasion**                                                                                            
  Yes                                              37 (26)                 6 (46)                                      0.185
  No                                               77 (55)                 5 (38)                                      
  Missing data                                     26 (19)                 2 (15)                                      
  **Perineural invasion**                                                                                              
  Yes                                              93 (66)                 8 (62)                                      0.708
  No                                               26 (19)                 3 (23)                                      
  Missing data                                     21 (15)                 2 (15)                                      

Associations evaluated by Fisher's exact test or linear-by-linear association test.

\*Staging according to AJCC 8^th^ edition.

According to univariate analysis, those patients with strong TLR1 tumor expression had better overall disease-specific survival than did patients whose TLR1 expression was low or negative (median survival time 2.40 (95% CI 1.78--3.01; n = 154) years and 1.27 (95% CI 0.00--2.87) years; log-rank with Sidak adjustment for multiple comparisons, p = 0.0439) ([Fig 2](#pone.0219245.g002){ref-type="fig"}).

![Kaplan-Meier curves.\
A: Survival in all patients, grouped by toll-like receptor 1 (TLR1) expression intensity. B: Survival in all patients, grouped by positive and negative expression of toll-like receptors 1, 3, 7, or 9 (TLR1, TLR3, TLR 7, TLR9).](pone.0219245.g002){#pone.0219245.g002}

Furthermore, multivariate analysis revealed strong TLR1 expression to associate with better overall disease-specific survival (strong vs moderate, low, or negative TLR1 expression; HR = 0.68; 95% CI 0.47--0.99; p = 0.044; n = 154; adjusted for age, gender, stage, lymph-node ratio, and adjuvant therapy). This finding was more pronounced among patients who received no adjuvant therapy (HR = 0.51; 95% CI 0.29--0.91; p = 0.023; n = 74). ([Table 4](#pone.0219245.t004){ref-type="table"}). Those who did receive adjuvant therapy showed no sign of any survival benefit related to strong TLR1 expression (HR = 1.00; 95% CI 0.59--1.69; p = 0.989; n = 80).

10.1371/journal.pone.0219245.t004

###### Multivariate sub-group analysis of pancreatic ductal adenocarcinoma patients without post-operative adjuvant therapy.

![](pone.0219245.t004){#pone.0219245.t004g}

  Multivariate analysis, patients without adjuvant therapy, n = 74                                                    
  ------------------------------------------------------------------ ---------------------- ------------ ------------ -----------
  **Age, years**                                                                                                      
  \< 65                                                              1.00                                             
  ≥ 65                                                               1.47                   0.73--2.96   0.276        
  **Gender**                                                                                                          
  Male                                                               1.00                                             
  Female                                                             1.14                   0.67--1.95   0.630        
  **Stage**[\*](#t004fn002){ref-type="table-fn"}                     **Lymph-node ratio**                             
  IA--IIA                                                                                   1.00                      **0.004**
  IIB, III                                                           \< 20%                 1.77         0.97--3.26   0.065
  IIB, III                                                           ≥ 20%                  3.37         1.63--7.00   **0.001**
  **TLR1**                                                                                                            
  Negative, mild, or moderate                                        1                                                
  Strong                                                             0.51                   0.29--0.91   **0.023**    

Multivariate Cox analysis. Multivariate analysis adjusted for age, gender, stage, lymph-node ratio, and post-operative adjuvant therapy.

\*Staging according to AJCC 8^th^ edition.

Another phenomenon in our study was the exceptionally poor survival of patients with negative scores for one or more of the receptors TLR1, TLR3, TLR7, or TLR9. Only 13 patients, however, fit this criterion. When we divided our 153 patients into two groups according to their TLR negativity for those four receptors, among those with negative immunoexpression, median survival time was 0.90 (95% CI 0.54--1.27; n = 13) years; among the rest, median survival time was 2.26 (95% CI 1.89--2.62; n = 140) years; p\<0.001 ([Fig 2](#pone.0219245.g002){ref-type="fig"}).

In multivariate analysis, this phenomenon of poor prognosis persisted: those with TLR negativity had worse overall disease-specific survival (HR = 2.41; 95% CI 1.31--4.43; p = 0.005; n = 13) ([Table 5](#pone.0219245.t005){ref-type="table"}). This held true especially for those patients with a lymph-node ratio of less than 20% (HR = 5.15; 95% CI 2.47--10.76; p\<0.001; n = 10).

10.1371/journal.pone.0219245.t005

###### Cox regression survival analysis of patients with pancreatic ductal adenocarcinoma related to clinicopathological characteristics and TLR1, TLR3, TLR5, TLR7, and TLR9 immunoexpression.

![](pone.0219245.t005){#pone.0219245.t005g}

                                                         N     Univariate analysis   Multivariate analysis                                   
  ------------------------------------------------------ ----- --------------------- ----------------------- ----------- ------ ------------ -----------
  **TLR1**                                                                                                                                   
  Negative (0)[\*](#t005fn002){ref-type="table-fn"}      3     1.00                                                      1.00                
  Positive (1--3)[\*](#t005fn002){ref-type="table-fn"}   151   0.50                  0.16--1.58              0.235       0.38   0.12--1.22   0.105
  **TLR3**                                                                                                                                   
  Negative (0)                                           2     1.00                                                      1.00                
  Positive (1--3)                                        151   0.20                  0.05--0.85              **0.029**   0.24   0.06--1.04   0.057
  **TLR5**                                                                                                                                   
  Negative (0)                                           30    1.00                                                      1.00                
  Positive (1--3)                                        123   0.80                  0.52--1.23              0.315       0.72   0.47--1.12   0.143
  **TLR7**                                                                                                                                   
  Negative (0)                                           5     1.00                                                      1.00                
  Positive (1--3)                                        148   0.19                  0.08--0.49              **0.001**   0.20   0.08--0.53   **0.001**
  **TLR9**                                                                                                                                   
  Negative (0)                                           7     1.00                                                      1.00                
  Positive (1--3)                                        146   0.42                  0.20--0.91              **0.027**   0.57   0.26--1.28   0.175
  **TLRs 1, 3, 7, and 9 combined**                                                                                                           
  All positive (1--3)                                    140   1.00                                                      1.00                0.444
  Negative (0)                                           13    2.75                  1.53--4.94              **0.001**   2.41   1.31--4.43   **0.005**

Univariate and multivariate Cox analysis. Multivariate analysis adjusted for age, gender, stage, lymph-node ratio, and post-operative adjuvant therapy.

\*Numbers in parentheses indicate scoring intensity: (0) negative, (1) low, (2) moderate, or (3) strong.

In regard to TLR5, our analysis showed no prognostic value.

Discussion {#sec009}
==========

We found that strong TLR1 expression predicted better survival in PDAC, and that lack of expression of TLRs 1, 3, 7, or 9 indicated very poor survival. TLR expression pattern also differed from physiological expression. To our knowledge, no similar findings have yet appeared.

Prognostic roles of TLRs are contradictory. TLRs 7 and 9 have been speculated to accelerate tumor progression in pancreatic cancer \[[@pone.0219245.ref019]--[@pone.0219245.ref022]\], but clinical studies have shown TLR9 to be associated with better prognosis \[[@pone.0219245.ref023]\]. Our results support this latter hypothesis and reveal TLRs as indicators of better prognosis in PDAC. This is also in line with our earlier findings on TLR2 and TLR4 \[[@pone.0219245.ref018]\]. The prognostic roles of TLRs 1, 3, and 5 have not been studied previously in PDAC.

Plenty of evidence suggests a negative association between upregulated TLR expression and survival in other cancers. In gastric cancer, TLR2 and TLR9 are thought to account for the invasive abilities of *H*. *pylori*-mediated infection \[[@pone.0219245.ref024]\], and in papillary thyroid cancer, TLR3 overactivation is linked to cancer progression \[[@pone.0219245.ref025]\]. In cervical neoplasias, TLR5 is thought to promote tumor progression \[[@pone.0219245.ref026]\]. In lung cancer, TLR9 may be linked to metastatic properties \[[@pone.0219245.ref027]\], and TLR9 activation also stimulates prostate-cancer invasion \[[@pone.0219245.ref028]\]. This raises the question, why our results contradict those of many others, and whether different mechanisms are involved in different cancers.

Considering the physiological function of the TLRs, it is understandable why their expression is linked to worse survival. Tumor-induced necrosis produces cell debris which may activate the TLRs and result in a release of inflammatory cytokines, potentially creating a tumor-promoting microenvironment \[[@pone.0219245.ref006]\]. This would also explain the strengthened pancreatic carcinogenesis resulting from the presence of microbiota \[[@pone.0219245.ref012]\]. Although this seems logical, it does not help us understand how TLR expression would promote survival, as occurs in clinical PDAC studies.

Instead, a different mechanism may be at play. The function and effects of TLRs in PDAC may differ from their physiological function in infections \[[@pone.0219245.ref029]\]. The expression pattern in our samples was somewhat atypical. TLRs 3, 7, and 9 occur mainly in the cytoplasm during physiological activation, as was the case in our series. But interestingly, in our series, TLR1 was detected in the cytoplasm and TLR5 in both the nucleus and cytoplasm, whereas physiologically activated TLR1 and TLR5 are typically detected only on cell membranes. The meaning of this atypical expression among our findings raises speculation. All of the above implies that, under certain circumstances, non-physiological TLR activation may aid against tumor progression, and lack of TLR expression may indicate that this defensive role is not functioning.

One aspect of our patient selection also surfaced. In multivariate analysis, the connection between strong TLR1 expression and better prognosis was more evident in those patients who had received no post-operative adjuvant therapy. Naturally, there may be factors at play that were unmeasured in our analysis, factors defining which patients would receive adjuvant therapy and which would not. But if not, the result implies that the adjuvant therapy itself may affect the TLR1-modulated pathway, evening out the naturally occurring differences among patients. This would explain why the survival benefit was seen in those receiving no post-operative adjuvant treatment, and why such phenomenon was not apparent in those who did. But this also raises a question: to what extent do patients with strong TLR1 expression profit from the adjuvant therapy, and does a more suitable approach to treating this patient group exist?

Our study had some limitations. The most notable involves our methods, because immunohistochemistry evaluation is subjective by nature. To minimize any biased results, we had two independent observers examine the samples, and all differing scores were re-evaluated and discussed until consensus. The tumor microarray technique allows the use of a great number of patients. The downside is that only a limited area of the tumor is visible, allowing for sampling error. To prevent this, we took six cores from different parts of the tumor to maximize accuracy. Our patient cohort is inherently skewed, as it represented only those 15 to 20% of all PDAC patients who were resectable \[[@pone.0219245.ref003]--[@pone.0219245.ref005]\]. However, this also means that our patients shared a similar cancer stage and tumor microenvironment, which may prove crucial in identifying common prognostic markers, because the specific tissue microenvironment interaction may depend on tumor stage \[[@pone.0219245.ref030]\]. The patients negative for TLRs 1, 3, 7, or 9 were very few, but their poor prognosis stood out forcefully, and we trust that this finding reflects a true biological phenomenon.

Our biggest strength is our patient material. A population of 154 is relatively large, considering the low incidence of resectable PDAC. Furthermore, our patients were treated in 2002--2011, when both neoadjuvant and adjuvant therapy were less common. The few patients receiving neoadjuvant therapy we excluded altogether, as this treatment may affect the tumor microenvironment. Our patients gave us a unique chance to explore inflammation biomarkers in pristine tumor tissue.

In conclusion, we show that strong cytoplasmic TLR1 expression signifies positive prognosis in PDAC, and lack of expression of TLRs 1, 3, 7, or 9 indicates poor survival. More research will allow further elucidation of the role of toll-like receptors in various cancers.
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